Introduction
T-cell adhesion is critical for adaptive immune responses such as T-cell trafficking to lymphoid organs and sites of inflammation. These adhesive events are largely mediated by the ␤ 2 integrin LFA-1 (lymphocyte function-associated antigen-1) and the ␤ 1 integrin VLA-4 (very late antigen-4), which recognize intercellular adhesion molecule (ICAM)-1 and -2 and vascular cell adhesion molecule 1 (VCAM-1), respectively. VLA-4 and LFA-1 also promote trafficking to the bone marrow, 1,2 and VLA-4 interaction with extracellular matrix component fibronectin allows T-cell interstitial migration. 3 T-cell trafficking is orchestrated by chemokines such as stromal cell-derived factor-1␣ (SDF-1␣) (CXCL12). SDF-1␣ engagement of its G-protein-coupled receptor, CXCR4, promotes cell adhesion, polarization, and chemotaxis. 4 Both LFA-1 and VLA-4 play important roles in human immune diseases, and therapeutics targeting these 2 integrins are in clinical trials to treat autoimmune diseases. 5, 6 Thus understanding the mechanisms of LFA-1 and VLA-4 functions in the human system will provide important insights into their physiologic role in the adaptive immune response and may aid in the design of more selective therapeutic strategies.
The dynamic adhesive interactions of T cells are regulated by in situ integrin activation. Chemokines trigger changes in integrin ligand-binding affinity and/or avidity/receptor clustering through a process known as inside-out signaling. These events are coupled to outside-in integrin signaling as a result of multivalent ligand binding. 7 This bidirectional signaling is responsible for the strength of integrin-mediated cell adhesion. The analyses of cellular mechanisms that contribute to integrin activation have led to the identification of the small GTPase Rap1 as a key regulator of this process. 8 In particular, studies in murine lymphocytes and cell lines have shown a requirement for Rap1 in chemokine-induced 9 and phorbol ester-stimulated 10, 11 LFA-1-and VLA-4-mediated adhesion. Direct outside-in activation of integrin-mediated adhesion by Mn 2ϩ in Jurkat cell lines also required Rap1, although Mn 2ϩ did not enhance accumulation of active Rap1. 12 The downstream targets of active Rap1 include RapL, the kinase Mst1, 13, 14 and talin. 15 RapL complexes with LFA-1 and Mst1 to localize LFA-1 to the leading edge, which is important for T-cell polarization and adhesion. 16 Rap1 activation also induces the binding of the cytoskeletal protein talin to the integrin cytoplasmic tail, which promotes integrin activation 15 and the localization of high-affinity clustered LFA-1 that is required for cell migration. 17 Rap1 cycles between an active GTP-bound and inactive GDPbound form that is regulated by a diverse family of guanine exchange factors (GEFs) and GTPase-activating proteins (GAPs). Rap GEFs are activated by classical second messengers including adenosine 3Ј,5Ј-cyclic monophosphate (cAMP), calcium, and diacylglycerol (DAG). 18 CalDAG-GEFs (calcium and diacylglycerol guanine nucleotide exchange factor; Ras guanyl nucleotidereleasing protein, RasGRPs) are a family of calcium and DAG responsive GEFs that contain a Ras exchange motif, a DAGbinding C1 domain, 2 EF hands that bind calcium, and a GEF domain. 19 There are currently 4 members in this family. CalDAG-GEFI (RasGRP2) is a Rap GEF expressed in the brain and hematopoietic cells, CalDAG-GEFIII (RasGRP3) is expressed predominantly in B cells, CalDAG-GEFII (RasGRP1) is a Ras regulator preferentially expressed in T cells, and RasGRP4, a Ras activator, is highly expressed in mast cells. 19 Compelling in vivo evidence for the role of Rap1 in integrin function came from mice deficient in CalDAG-GEFI. These mice exhibited impaired Rap1 activation and ␣ IIb ␤ 3 -mediated adhesive functions in platelets that was associated with defective thrombus formation in vivo. 20 Characterization of the intracellular signaling pathways that regulate chemokine-mediated human T-cell integrin function is of key importance to understanding the molecular mechanisms of T-cell trafficking. Here, we addressed the role of Rap1 GTPases and CalDAG-GEFI in SDF-1␣-and phorbol 12-myristate 13-acetate (PMA)-mediated LFA-1 and VLA-4 regulation in primary human T cells. This was accomplished by expressing GAPs, signal-induced proliferation associated gene-1 (SPA1), or Rap1GAP to inactivate Rap GTPases or by silencing CalDAG-GEFI using siRNA approaches in primary human CD3 ϩ T cells. Pharmacologic inhibitors of phospholipase C (PLC) and protein kinase C (PKC) were also exploited to examine their contribution to Rap1 activation and SDF-1␣-stimulated adhesion under flow conditions. Our studies demonstrate that Rap1 and CalDAG-GEFI are required for LFA-1-mediated adhesion of human T cells, whereas alternative PKC-dependent signaling pathways regulate VLA-4 function. The selective role for the Rap1 regulatory pathways in LFA-1-mediated adhesion is unanticipated from previous work conducted in murine lymphocytes and T-cell lines that reported a role for Rap in both the bidirectional signaling in LFA-1 as well as VLA-4-mediated T-cell adhesion. Furthermore, our studies show that CalDAG-GEFI is a critical link between a G-protein-coupled receptor and ␤ 2 integrin activation in primary human T cells.
Patients, materials, and methods
Approval for blood donations was obtained from the Brigham and Women's Hospital Institutional Review Board with informed consent in accordance with the Declaration of Helsinki.
Cell isolation
T cells were isolated from sodium-citrated anticoagulated whole blood from healthy donors by negative selection using the human T-cell enrichment cocktail RossetteSep (StemCell Technologies, Vancouver, BC). Isolated T cells consisted of more than 95% CD3 ϩ T lymphocytes. Cells were transfected within 1 hour from isolation and maintained in culture media (RPMI-1640 medium with 10% fetal calf serum [FCS], 2 mM glutamine, and antibiotics). Twenty-four hours after transfection, cultures were supplemented with interleukin 2 (24 U/mL; R&D Systems, Minneapolis, MN).
siRNA
Silencing RasGRP2 (CalDAG-GEFI) was attained by small RNA interference (siRNA) technology. A siRNA duplex to target the sequence 5Ј-AATTCTCCGAACGTGTCACGT-3Ј corresponding to set off position 784 of RasGRP2 was purchased from Qiagen (Valencia, CA). The sequences were as follows: 5Ј-AGCGCAAGAUGUCCCUGUU-3Ј sense and 3Ј-AACAGGGACAUCUUGCGCU-5Ј antisense. A nonspecific RNA duplex (Control-siRNA) was also obtained and used as negative control.
Plasmids
SPA1 cDNA, cloned into the vector pLEGFP-C1 (BD Biosciences, Palo Alto, CA), is expressed as a green fluorescence protein (GFP)-tagged fusion protein. 21 Glutathione S-transferase (GST)-RBD (a GST fusion protein containing the Rap1-binding domain of Ral-GDS) cDNA was used for Rap1 activation assays. cDNA encoding Rap1GAP (gift from P. Casey, Duke University) was cloned into pTRE-Tight vector (Clontech, Palo Alto, CA) and transfected into T cells together with pUHD 15.1. This plasmid encodes tetR-VP16 fusion protein that transactivates the promoter from pTRE-Tight allowing expression of Rap1GAP. Control transfections for GFP used pmaxGFP plasmid (Amaxa Biosystems, Gaithersburg, MD).
Cell transfection
Human T cells (5 ϫ 10 6 ) were transfected with siRNA (1200 nM) by electroporation using the Nucleofection system (Amaxa Biosystems), according to the manufacturer's protocols. Expression of CalDAG-GEFI, monitored by immunoblot using a rabbit polyclonal antibody (Ab) (a gift from Dr A. M. Graybiel, MIT, Cambridge, MA), was maximally suppressed 96 hours after transfection, the time point chosen for all siRNA assays. Plasmids transfections were also achieved using Amaxa Nucleofection system, and cells were maintained for 24 hours in culture media until assay. Transfection efficiency was evaluated by measurement of GFP fluorescence and protein expression by immunoblot using monoclonal Ab (mAb) against SPA1 (BD Transduction Laboratories, Lexington, KY) and Rap1GAP (Santa Cruz Biotechnology, Santa Cruz, CA).
Rap1 activation assay
Levels of activated Rap1 were determined as previously described, 22 with minor modifications: Transfected T cells were incubated in 0.1% bovine serum albumin (BSA) for 30 minutes at 37°C and stimulated with 1 g/mL PMA (Sigma, St. Louis, MO) for 5 minutes, 100 nM SDF-1␣ (PeproTech, Rocky Hill, NJ) for 10 seconds, or vehicle control. After extraction with lysis buffer [25 mM tris(hydroxymethyl)aminomethane (Tris)-HCl at pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 1% Nonidet P-40, 1 mM DTT (dithiothreitol), 5% glycerol, 1 g/mL aprotinin, 1 g/mL leupeptin, and 1 mM phenyl methylsulphonyl fluoride (PMSF)] on ice for 10 minutes, cells were centrifuged at 16 000g for 10 minutes at 4°C. Aliquots of the lysate were used to detect total Rap1 levels. The remaining supernatants were incubated with 50 g of GST fusion protein containing the Rap1-binding domain (RBD) of Ral-GDS coupled to glutathione-sepharose beads for 45 minutes at 4°C. Proteins were separated on a 4 to 20% gradient sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to nitrocellulose membranes (BioRad, Hercules, CA). Rap1 levels were detected with rabbit polyclonal antibodies (121; Santa Cruz Biotechnology) followed by horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibodies (Zymed, South San Francisco, CA). Immunoreactivity was detected by chemiluminescence (SuperSignal; Pierce, Rockford, IL).
Pharmacologic treatments
Where indicated, preincubations were performed for 10 minutes at 37°C with the following pharmacologic inhibitors: PKC inhibitor, BisIndolylma- 
Cell adhesion assay
Recombinant human Fc fusion proteins ICAM-1 (2.5 g/mL) or VCAM-1 (2 g/mL) (R&D Systems) were applied to glass coverslips (12-mm; Fisher, Pittsburgh, PA) precoated with protein A (1 g/mL). Transfected T cells were washed and resuspended in medium (cation-free phosphatebuffered saline [PBS] [pH 7.4] supplemented with 1 mM CaCl 2 , 1 mM MgCl 2 , and 2 mg/mL BSA), and subsequently 100 L cell suspension was added per coverslip with or without the indicated stimuli. Cells were allowed to adhere for 30 minutes at 37°C, and nonadherent cells were removed by washing with PBS. Adherent cells were fixed with 10% buffered formalin, and differential interference contrast (DIC) images were taken with a Nikon Eclipse TE2000-U microscope coupled to the MetaMorph system (Molecular Devices, Downingtown, PA). Cells bound were calculated from 5 fields of view and expressed as number of adherent cells per mm 2 . For GFP transfection assays, adherence was calculated from 3 fields of view after correcting for transfection efficiency (number of GFP positive adherent cells per number of GFP positive in total input cells) ϫ100.
Laminar shear flow assays
Shear flow assays used a parallel plate flow chamber with human Fc-ICAM-1 (2.5 g/mL) or VCAM-1 (2 g/mL) coimmobilized with SDF-1␣ (2 g/mL) on glass coverslips (25-mm; Carolina Biological Supply, Burlington, NC) as described. 23 T cells were perfused through the chamber at 37°C in flow buffer (Dulbecco PBS and 0.1% human serum albumin) at shear stress rate of 0.75 dyne/mm 2 for 10 minutes, and the entire period of perfusion was recorded using a digital imaging system (Meta Morph System; Molecular Devices) coupled to the Nikon Eclipse TE2000-U inverted fluorescence microscope equipped with DIC (20ϫ phase objective). Alternatively, DIC or fluorescence sequential images were taken every 10 seconds in representative fields, and the total number of accumulated T cells was determined by counting the total adherent cells in 5 fields of view. Number of adherent cells was expressed per mm 2 . For GFP transfection assays, adherence was calculated as described in the cell adhesion assay.
Flow cytometry
For flow cytometric detection of the LFA-1 activation epitope KIM127, T cells were resuspended in 5% fetal calf serum and stimulated in the presence of 2 g/mL KIM127 mAb (a gift from N. 
Statistical analysis
Comparisons were made with an unpaired, 2-tailed Student t test, and significance was considered when P was less than .05.
Results

Role of Rap1 GTPase in LFA-1 and VLA-4 integrin-mediated adhesion
Time-course analysis of SDF-1␣-induced Rap1 activation demonstrated strong GTP loading of Rap1 that peaked within 10 seconds and diminished rapidly thereafter ( Figure 1A ). The kinetics of Rap1 activation by SDF-1␣ parallel those reported using Jurkat cell lines. 24 To examine the role of Rap1 GTPase in agonist-induced adhesion, human CD3 ϩ T cells were transfected with GFP or GFP-SPA1, a well-described GAP for Rap expressed predominantly in lymphoid tissues. 25 Transfection efficiencies ranged from 75 to 85% as assessed by GFP fluorescence (Figure 1B) , and full-length GFP-SPA1 fusion protein was detected by Western blot (data not shown). SPA1 was observed in the cortical regions of the cell as previously described in other cell types, 26 whereas GFP was distributed diffusely throughout the cell. Analysis of Rap1 activation in untransfected T cells revealed efficient GTP loading of Rap1 after stimulation with 100 nM SDF-1␣ or 1 g/mL of PMA ( Figure  1C ). Rap1-GTP levels in GFP control cells were comparable with those observed in parental untransfected cells. GFP-SPA1 expression dramatically reduced Rap1 activation in response to SDF-1␣ or PMA, indicating efficient inactivation of Rap1 by SPA1 ( Figure  1C) . Similar results were obtained by transient transfection of . Cells were stimulated with PMA or SDF-1␣ as described in panel C, and active Rap1 (Rap1 GTP ), Rap1GAP levels, and ␤-actin (loading control) were evaluated. Overexpression of Rap1GAP efficiently reduced levels of active Rap1. Three to 5 independent experiments were done for each panel.
another Rap GAP, Rap1GAP, which efficiently inactivated Rap1 after stimulation with PMA or SDF-1␣ ( Figure 1D ). SPA1 overexpression significantly reduced T-cell adhesion to ICAM-1 in response to PMA treatment in static assays (Figure 2A ). Mn 2ϩ interaction with the divalent cation binding sites in the extracellular I domain of LFA-1 induces outside-in activation of the integrin, 27 circumventing the need for inside-out cell signaling. Mn 2ϩ treatment of SPA1 cells triggered cell adhesion on ICAM-1 that was indistinguishable from GFP control cells (Figure 2A ), indicating that outside-in activation of LFA-1 is independent of active Rap1 in these cells. Unlike LFA-1-mediated adhesion on ICAM-1, overexpression of SPA1 did not prevent adhesion to VCAM-1 (Figure 2A ) or another VLA-4 ligand fibronectin (data not shown) after PMA stimulation, indicating that Rap1 is not essential for VLA-4-mediated adhesion in this system. Similar results were obtained for a range of VCAM-1 concentrations tested (0.1, 1.0, 2.0, and 10.0 g/mL; Figure 2B ). PMA-induced adhesion to ICAM-1 was also significantly reduced in T cells overexpressing Rap1GAP, whereas adhesion to VCAM-1 remained largely unaffected ( Figure 2C ). Incubation of T cells with a functional blocking antibody to VLA-4 had no effect on ICAM-1 binding but completely abolished adhesion to VCAM-1 ( Figure 2D ) and FN (data not shown), demonstrating receptor-ligand specificity in these assays. Together these data demonstrate that Rap activation is essential for primary human T-cell adhesion to ICAM-1 but not VCAM-1. To address the role of Rap1 in T-cell adhesion under conditions that mimic physiologic blood flow, we examined T-cell adhesion to ICAM-1 or VCAM-1 coimmobilized with SDF-1␣ under defined flow conditions. Adhesion and polarization of T cells on these ligands was SDF-1␣-dependent under shear stress rate of 0.75 dyne/mm 2 ( Figure S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). Under these conditions, GFP-SPA1 cells showed substantially reduced adhesion to ICAM-1-coated surfaces, whereas adhesion to VCAM-1 was similar to GFP-control cells ( Figure 2E) .
To examine the role of Rap1 in LFA-1 affinity modulation upon inside-out stimulation, we assessed the ability of cells to bind the conformation sensitive antibody to LFA-1, KIM127. 28 SPA1 cells failed to expose the LFA-1 activation neoepitope recognized by KIM127 antibody upon SDF-1␣ or PMA stimulation ( Figure 2F ), suggesting that Rap1 is required for LFA-1 affinity modulation. On the other hand, Mn 2ϩ treatment resulted in LFA-1 neoepitope exposure in SPA1-expressing cells ( Figure 2F ). To examine VLA-4 integrin affinity up-regulation, we used a flow cytometry assay to quantify sVCAM/Fc binding to GFP-and SPA1-GFP transfected T cells after stimulation with vehicle control, SDF-1␣, PMA, or Mn 2ϩ . Comparable sVCAM/Fc binding was observed in GFP-and SPA1-GFP cells ( Figure 2G ). The small increase in the number of cells binding sVCAM/Fc after SDF-1␣ and PMA stimulation is consistent with previous reports. sVCAM/Fc binding to primary T cells after SDF-1␣ stimulation was found to be only 10% of that For personal use only. on October 22, 2017. by guest www.bloodjournal.org From observed after Mn 2ϩ treatment, 29 and just a small subgroup of PMA-stimulated CD3 ϩ T cells bound sVCAM-1. 30 Together our data show that Rap1 plays a major role in chemokine-dependent LFA-1-mediated adhesion in human T cells through effects on inside-out integrin activation while alternative Rap1-independent mechanisms are used for VLA-4-mediated adhesion.
Role of CalDAG-GEFI in LFA-1 and VLA-4 integrin-mediated adhesion
Members of the CalDAG-GEFI protein family are differentially expressed in several hematopoietic cell types. 17 Western blot analysis demonstrated expression of CalDAG-GEFI in human primary T cells as well as peripheral blood neutrophils and the myeloid cell line HL-60 but not in human umbilical vein endothelial cells (HUVEC). In contrast, CalDAG-GEFIII was not detected in these lymphoid/myeloid lineage cells but was highly expressed in endothelial cells ( Figure 3A) .
To assess the contribution of CalDAG-GEFI in Rap1 activation and integrin-mediated adhesion, we used small interference RNA technology (siRNA) in human CD3 ϩ primary T cells to knockdown CalDAG-GEFI protein. A 21-mer RNA dimer was designed to target human CalDAG-GEFI (GenBank accession number NM_005825) and was transiently transfected into human T cells. CalDAG-GEFI protein levels were reduced by 70% to 80% compared with control siRNA as analyzed by Western blot ( Figure  3B ).
The role of CalDAG-GEFI in both SDF-1␣-and PMAdependent Rap1 activation was assessed in pull-down assays. Optical density analysis of representative Western blots demonstrates a significant correlation between CalDAG-GEFI knockdown and reduction in Rap1 activation after T-cell stimulation with SDF-1␣ ( Figure 4A ) and PMA (data not shown). Under static conditions, silencing CalDAG-GEFI resulted in a significant reduction in the number of adherent cells to immobilized ICAM-1 after PMA treatment ( Figure 4B ). In contrast, treatment of CalDAG-GEFI -siRNA cells with Mn 2ϩ or the calcium ionophore A23187 resulted in normal adhesion to ICAM-1 ( Figure 4B inset) . This suggests that activation of LFA-1 from outside-in divalent cation binding or through alternative pathways that lead to intracellular calcium mobilization operates in the absence of this GEF. Adhesion to VCAM-1 was unaffected in CalDAG-GEFI siRNA cells after PMA stimulation (Figure 4C ), confirming our data that VLA-4 signaling is independent of Rap1.
CalDAG-GEFI knock-down significantly impaired the ability of T cells to adhere to ICAM-1 under shear flow conditions in response to SDF-1␣ ( Figure 4D ), whereas adhesion to VCAM-1 remained unaffected compared with control-siRNA cells ( Figure  4E ). Together these findings indicate that CalDAG-GEFI signaling is critical for SDF-1␣-and PMA-induced LFA-1 binding to its ligand ICAM-1 but plays no role in VLA-4-VCAM-1 interaction.
Modulation of Rap1 activation and integrin-dependent adhesion by PLC and PKC
Chemokine-dependent activation of Rap1 in murine lymphocytes and Jurkat T cells is PLC dependent. 24 The PLC products, DAG and Ca 2ϩ , are known to activate members of the CalDAG-GEF family. 31 Using the PLC inhibitor, U73122, we observed that both SDF-1␣-and PMA-induced Rap1 activation in human T cells is dependent on PLC activity ( Figure 5A ). The intracellular calcium chelator BAPTA-AM did not affect Rap1 activation, as previously shown in Jurkat cells, 24 indicating that Ca 2ϩ is not a major determinant of SDF-1␣-induced Rap1 activation. However BAPTA-AM treatment inhibited PMA-induced activation of Rap1 ( Figure 5A ), indicating that Ca 2ϩ depletion affects only PMAdependent signaling to Rap1. PMA-induced PKC activation is known to activate integrins in many cell types and leads to affinity regulation of VLA-4. 30,32 Interestingly, we observed that inhibition of classical and novel PKC isoforms by Gö 6850 further increased active Rap1 levels after SDF-1␣ stimulation, uncovering a negative role for PKC in Rap1 activation ( Figure 5A ), whereas the same treatment inhibited Rap1 activation by PMA as expected ( Figure  5A ). Similar results were observed with another inhibitor of classical PKCs (Gö 6976), which increased SDF-1␣-induced Rap1 activation (supplemental S2). Further studies exploring the role of specific PKC isoforms in modulating Rap activity will be an interesting area for future investigation.
The role of PLC and PKC in SDF-1␣-induced cell adhesion was analyzed under shear flow conditions. Pharmacologic inhibition of PLC resulted in a significant decrease in SDF-1␣-dependent adhesion to both VCAM-1 and ICAM-1, demonstrating a prominent role for this lipase in chemokine-induced activation of both LFA-1 and VLA-4. Importantly, PKC inhibition with Gö 6850 resulted in enhanced adhesion to ICAM-1 whereas the same treatment significantly decreased adhesion to VCAM-1 ( Figure  5B ). The opposing effects of PKC inhibition on cell adhesion to ICAM-1 or VCAM-1 correlated with its effects on Rap1 activation. That is, PKC inhibition resulted in an increase in Rap1 activation as well as in the number of adherent cells to ICAM-1, whereas it reduced adhesion to VCAM-1 despite high Rap1-GTP levels. This is consistent with our findings in Figure 2 that Rap1 regulates LFA-1 function but does not significantly modulate VLA-4-mediated adhesion. In addition, SDF-1␣ also induces cell polarization of adherent T cells on both ICAM-1 and VCAM-1 under shear flow conditions. In the presence of the PLC inhibitor, significantly fewer of the remaining adherent T cells were polarized. On the other hand, T-cell polarization on both ligands was not affected by PKC inhibition ( Figure 5C ). In addition, PLC inhibition abolished exposure of the LFA-1 neoepitope recognized by KIM127, suggesting a requirement for this enzyme in chemokine-dependent LFA-1 affinity modulation ( Figure 5D ). In contrast, inhibition of PKC did not prevent the exposure of the KIM127 neoepitope ( Figure 5D ), which further supports our result that PKC inhibition does not inhibit Rap1 activation and ␤ 2 integrin-mediated cell adhesion.
Discussion
Our data clearly demonstrate a critical role for Rap1 in LFA-1 inside-out activation in human CD3 ϩ T cells, whereas no major role for this GTPase was found in VLA-4-mediated adhesion. Rap1 was required for LFA-1 affinity modulation leading to cell adhesion to ICAM-1 but not for Mn 2ϩ -induced outside-in LFA-1 activation, demonstrating a selective role for Rap1 in signaling integrin activation from within the cell. Interestingly, talin knockdown in both Jurkat and peripheral blood T cells abolishes integrin activation after agonist stimulation. 33 However, similar to our results, Mn 2ϩ treatment alone induced up-regulation of LFA-1 affinity and adhesion to ICAM-1 that was comparable in control and talin-deficient cells. Together this supports the model that Mn 2ϩ -induced changes in integrin high-affinity conformation can be induced in the absence of inside-out signaling. Previous studies have shown that inhibition of Rap1 activity by RapGAPs abolishes Mn 2ϩ -induced LFA-1-and VLA-4-mediated Jurkat T-cell adhesion. 12 However, effects on integrin affinity changes were not addressed. Differences could be attributed to the potential generation of Rap-dependent signaling pathways in Jurkat T cells after Mn 2ϩ treatment that result in integrin avidity changes which, in turn, may impact the overall strength of adhesion.
Our studies demonstrate for the first time that CalDAG-GEFI is a critical regulator of chemokine-induced LFA-1-mediated adhesion in human T cells. The absence of CalDAG-GEFIII expression in human T cells and the strong reduction in cell adhesion to ICAM-1 by CalDAG-GEFI-deficient T cells suggest that CalDAG-GEFI is the primary Ca 2ϩ and DAG responsive Rap GEF in human T cells responsible for ␤ 2 integrin regulation. As shown for Rap1 GTPase, CalDAG-GEFI was not required for VLA-4-mediated adhesion, which suggests that the CalDAG-GEFI/Rap1 regulatory pathway has a selective role in LFA-1-but not VLA-4-mediated function. The contribution of CalDAG-GEFI in chemokineinduced adhesion in T cells cannot be appreciated in murine models because although CalDAG-GEFI is expressed in both mouse platelets and neutrophils, its expression in murine lymphocytes is below detectable levels by immunoreactivity. 20 Thus, alternative mechanisms for Rap1 activation, which may include other CalDAGGEFs isoforms, may be operative in murine lymphocytes. A group of LAD patients with a syndrome referred to as Leukocyte Adhesion Deficiency-III have been recently described with severe defects in platelet and leukocyte functions associated with defects in integrin activation that have been attributed to a mutation in CalDAG-GEFI, 34 and CalDAG-GEFI-deficient mice may represent a murine model of this disorder. 35 However, LAD patients identified by other groups with similar clinical symptoms appear to exhibit normal chemokine-induced Rap activation in leukocytes and platelets, suggesting that the underlying molecular basis of these LAD variants may be different. 36 The pathways that regulate CalDAG-GEFI function are not well-characterized. 19 Our studies suggest that PLC, through its products cytosolic Ca 2ϩ and DAG, is probably an upstream regulator of CalDAG-GEFI 19, 37 (Figure 6 ). PLC inhibition resulted in decreased Rap1 activation, LFA-1 affinity modulation and adhesion to ICAM-1. Because intracellular Ca 2ϩ chelation did not affect Rap1 activation and the Ca 2ϩ ionophore A23187 induced adhesion to ICAM-1 in CalDAG-GEFIsilenced cells, it is intriguing to speculate that DAG is the relevant SDF-1␣-induced second messenger responsible for linking CXCR4
to CalDAG-GEFI activation in human T cells, and needs further investigation.
Others have reported that Rap1 plays a role in VLA-4-mediated adhesion, in addition to LFA-1, in murine lymphocytes. 9, 11 We observed no significant role for Rap in PMA-induced adhesion to a range of VCAM-1 densities (0.1-10 g/mL). The differences between their and our results may be attributed to species-specific expression of signaling elements 38 that contribute to VLA-4-mediated adhesion or may involve mechanisms of VLA-4 affinity modulation that are cell context dependent. In this regard, SDF-1␣-induced integrin affinity changes, as detected by soluble ligand binding, was markedly weaker in human T cells in comparison to monocytes, 29 and PMA-induced soluble VCAM-1 binding was observed only in a subset of CD3 ϩ T cells, 30 whereas Jurkat T cells constitutively expressed predominantly high-affinity VLA-4 integrins. 39 It is noteworthy that overexpression of constitutively active Rap1 (Rap63E) in human T cells enhanced adhesion to both ICAM-1 and VCAM-1 (data not shown), which is consistent with previous reports. 9, 40 This suggests that although artificially activated Rap1 can couple to pathways that lead to VLA-4-mediated adhesion, the physiologic activation of this GTPase through SDF-1␣ does not signal to VLA-4 activation.
Our knowledge of mechanisms leading to VLA-4 activation is still limited. Studies suggest that VLA-4 can spontaneously support T-cell adhesion to high-density ligand, indicating that VLA-4 may exist in an overall extended conformation accessible to ligands. 41 In our analyses, T-cell adhesion to VCAM-1 was observed under unstimulated conditions but was clearly further induced by SDF-1␣ or PMA treatment, suggesting a change in VLA-4 affinity/avidity for its ligand. The agonist-induced increase in adhesion may not correlate with exposure of activation epitopes that report high affinity for ligands, 42 ,43 a parameter classically associated with LFA-1-mediated activation. Instead, it may be mediated primarily by postreceptor events such as VLA-4 diffusion/clustering and/or Chemokine-dependent G-protein-coupled-receptor signaling leads to activation of PLC␥. PLC␥ products Ca 2ϩ and DAG activate CalDAG-GEFI. This leads to Rap1 activation, which triggers inside-out activation of LFA-1 to promote T-cell adhesion. SDF-1␣ activates VLA-4 through PLC␥. PLC␥-generated products may promote PKC activation and subsequent integrin activation through unknown intermediates.
changes in cytoskeletal interactions. 42 Such a model would be consistent with our data demonstrating that Rap1 GTPase, shown here as a regulator specifically of inside-out integrin signaling, is not required for VLA-4-mediated adhesion. Other GTPases shown to control VLA-4-dependent T-cell adhesion include Rac and its GEF Vav 44 and Rho GTPase. 45 Chemokine-induced changes in VLA-4 avidity may also rely on lipid raft-associated signaling molecules such as integrin-associated tetraspanins and Src kinase, which are potential modulators of dynamic integrin adhesive contacts. 46 Our studies present evidence that PLC and PKC activation are important components in pathways leading to VLA-4-mediated adhesion. It is possible that the pathway that links PLC to VLA-4 activation is mediated by the effect of the PLC-generated products DAG and Ca 2ϩ on PKC (Figure 6 ). Interestingly, PKC inhibition led to an increase in Rap1 activation after chemokine stimulation, which correlated with an increase in LFA-1-mediated adhesion to ICAM-1 while significantly impairing VLA-4 mediated T-cell adhesion. The latter result further supports our model that Rap1 activation does not substantially modulate VLA-4 function. The mechanism by which PKC differently regulate VLA-4-and LFA-1-mediated adhesion is an obvious area for future investigation.
T cells acquire a polarized morphology after chemokine stimulation, which plays a role in directional movement and facilitates their migration into tissues. 47 Shimonaka et al 9 have shown that SPA1-transduced Jurkat T cells failed to polarize on activated endothelium. We demonstrate that PLC, the upstream regulator of Rap1 activation and VLA-4-and LFA-1-mediated adhesion after chemokine stimulation, is also critical for human T-cell polarization.
In summary our data provide compelling evidence that chemokine-induced signaling to both major integrins expressed by T cells, LFA-1, and VLA-4 can be distinguished at the levels of Rap and its regulator CalDAG-GEFI ( Figure 6 ). A better understanding of the signaling pathways that regulate LFA-1 versus VLA-4 will provide important insights into both the physiologic role of these molecules in the adaptive immune response and aid in the design of targeted therapeutic strategies. Therapeutic inhibition of VLA-4 and LFA-1 is in clinical trials to treat autoimmune diseases. 5, 6 The differences in regulation of integrins in primary human T cells versus murine lymphocytes and T-cell lines highlights the importance of examining integrin regulation in primary human T cells to develop targeted therapies that are efficacious in human disease.
